I. INTRODUCTION
The appearance of self-organized, low-frequency, propagating plasma structures is a nearly universal phenomenon in plasma physics, occurring in high-density, [1] [2] [3] [4] [5] astrophysical, 6, 7 and lowtemperature systems. [8] [9] [10] This process is believed to dictate the plasma state in many of these configurations. Indeed, for lowtemperature plasmas (LTPs) in particular, self-organization has been recognized as a critical research frontier in developing a better understanding of this class of plasmas. 11 While several experiments and numerical studies have investigated this process in LTPs, [8] [9] [10] 12 the mechanisms underlying self-organization in many cases remain unclear. An intriguing theory that has recently gained renewed interest is the possibility that these self-organized structures are the product of a unique, inverse energy transfer across lengthscales. 13, 14 In particular, the growth of a small-wavelength, kinetically driven electrostatic turbulence could couple to and ultimately result in the coalescing of self-organized states in LTPs. 15, 16 Despite the ongoing theoretical work that points to this possibility, there have been only a few experimental studies that have attempted to link turbulence in LTPs and self-organization. [8] [9] [10] Given the demand for a better understanding of the plasma state in LTPs, the broad interest of self-organization, and the possibility that this phenomenon occurs through a unique mechanism, there is a pressing need for further experimental investigation of this process. This article presents a detailed study of the role of plasma turbulence in promoting self-organization in a current-carrying, unmagnetized.
To examine this fundamental connection, we use a thermionic hollow cathode test-article. This device generates a current-carrying plasma state that is well known to be dominated by the effects of ion acoustic turbulence (IAT) [17] [18] [19] [20] [21] [22] and has been used in a number of fundamental studies. [23] [24] [25] [26] [27] [28] [29] It has been established 27 that a form of self-organization can also be excited by reducing the gas flow rate at a constant current. The resulting structure is characterized by coherent, large-scale fluctuations in potential and density that can propagate in space with typical frequencies between 10 and 100 kHz. Initial investigations of this so-called "plume-mode" indicate this macroscopic behavior is limited to the external plasma plume, away from the cathode sheath, 27 and that this state coexists with the IAT. However, there is no experimental evidence directly tying these two instabilities. Building on the extensive list of fundamental work into basic processes in LTPs emerging from the study of hollow cathodes, this article examines, for the first time, the correlational and potentially causal link between self-organization and underlying turbulence in current-carrying LTPs.
This paper is organized in the following way: Sec. II contains a description of the experimental apparatus and plasma diagnostics. In Sec. III, we present the results of the experiment along with a description of the analysis techniques to correlate the self-organized mode with fluctuations in electrostatic turbulence. To interpret our results, we develop a zero-dimensional model in Sec. IV and compare it with the experiment in Sec. V. Figure 1 shows the experimental test configuration. This 20-A BaO hollow cathode uses a tungsten orifice and a graphite keeper electrode 30 and was installed in a 1 m Â 1 m vacuum chamber with an operating pressure of 62 lTorr. The plasma discharge was established between the cathode and a cylindrical anode located a distance ' ¼ 38 mm downstream of the cathode's exit. We operated the source at 22.5 A and 19.0 V with a 10 sccm flow rate of xenon (see Fig. 3 ).
II. EXPERIMENTAL SETUP
To measure both coherent and incoherent waves, we used two diagnostics, a high-speed camera and cylindrical Langmuir probes. The camera captured the characteristic fluctuations in the light intensity of the plasma plume through an optical viewport. The images were acquired at 480 kfps. We measured ion saturation current oscillations in the plume of the test-article with a pair of ion saturation probes, a common technique for characterizing oscillations in LTPs. 28, 29, [31] [32] [33] These cylindrical probes, 3 mm long and 0.5 mm in diameter, were spaced 5.2 mm apart, oriented perpendicularly to the flow, and biased to -36 V below ground. The large-scale oscillations also drove variations in the total discharge current to the cathode, which we simultaneously measured. As outlined in the following, this latter signal served as a trigger reference for time-resolved analysis. Both the ion saturation and discharge current signals were acquired at 10 MS/s for 100 ms at each position.
III. RESULTS AND ANALYSIS A. Time-averaged measurements
We show direct measurements of the time-averaged density and electron temperature with a swept and translating Langmuir probe in Fig. 2 . The density decreased monotonically from Oð10 18 Þ to Oð10 17 Þ m À3 with distance from the cathode while the temperature increased monotonically from 1.5 to 2.2 6 0.2 eV. Thus, the Debye length was on the order of 1-10 lm and the ion plasma frequency was between 100 and 200 MHz. This is consistent with other measurements of time-averaged plasma parameters in hollow cathodes. 27, 34 The time-dependent properties we subsequently report fluctuate against this steady-state background.
B. High-speed imaging
As a first metric for characterizing these time-dependent properties, we show in Fig. 3 the results for variations in the light intensity measured with the high-speed camera. These image stills qualitatively show the periodic formation of the self-organized structure. This is, to our knowledge, one of the first series of time-resolved images of the so-called plume mode and reveals, qualitatively, insights into its structure. In particular, we can see that the oscillation appears to originate at a fixed spatial location near the cathode where light is periodically emitted at 36 kHz (a frequency also observed in the discharge current). It then propagates at 7 km/s toward the anode. Ultimately, this change in the light intensity is indicative of the relatively coherent density and/or temperature fluctuations in the plasma.
C. Probe-based power spectra
To quantify this oscillatory behavior, we show in Fig. 4 , at three positions, the power spectrum of relative ion saturation current fluctuations, ðĨ =I 0 Þ 2 x , where I 0 is the time-averaged ion saturation current,Ĩ is the fluctuation, and x is the frequency. This figure indicates the presence of the two classes of instabilities that have been previously identified in the plasma generated by these cathodes: self-organized, low-frequency, coherent oscillations and high-frequency, broadband waves that were linked with IAT. 17, 28, 29, 35 Near the cathode, the plasma is dominated by the low-frequency oscillation. The spectrum is characterized by a series of monotonically decreasing harmonics with a fundamental frequency of f 0 ¼ 36 kHz, which is consistent with oscillations in the discharge current and with the light emission in Fig. 3 . This spectral structure is indicative of nonsinusoidal, periodic behavior. Downstream, the amplitude of the high-frequency oscillations (between 100 and 1500 kHz) rises. The dissipation at higher frequencies of these waves follows a power law dependence on frequency, with the exponents between -1.5 and -2.7. These two trends are consistent with earlier work in Refs. 28 and 29 on IAT in cathodes.
D. Dispersion relations
To show that these high-frequency waves are indeed IAT, we use a cross correlation technique 36, 37 to estimate the dispersion, S(x, k), of the plasma and compare it to the quasilinear dispersion relation for the current-driven IAT. Here, x is the frequency and k is the wavenumber of a propagating plane wave. This technique relies on taking a Fourier decomposition of the signals acquired from two spatially separated probes to estimate the wavenumber for each frequency in the spectrum. We then bin the domain into frequency and wavenumber bins, 5 kHz and 20 m
À1
, respectively, and assign the average Fourier amplitude to the bin. This calculation is conducted on 2000 data sets and averaged to elevate the signal above the noise. Ultimately, the analysis results in a two-dimensional histogram, in x and k space, where the intensity is proportional to the amplitude of each mode.
There are a number of physical and practical limitations to this approach in terms of the wavenumbers and frequency that it can measure. For example, the ion saturation current can only be used to measure plasma fluctuations below the ion plasma frequency 38 and therefore we have restricted our measurements to frequencies an order of magnitude below this cutoff. We also note that the wavelength resolution of this probe technique is not capable of detecting wavelengths smaller than the physical width of the probe (0.5 mm). Accordingly, we do not report measurements for wavelengths this small. Finally, our technique can only unambiguously detect wavelengths greater than the probe spacing (
). Wavenumbers that exceed k max are aliased, i.e., appearing as smaller wavenumbers. This can lead to spurious results, though, we can, under certain circumstances, infer these potentially larger wavenumbers by extending the domain and using context to find patterns. We discuss the technique in greater detail in the following paragraph.
Keeping these caveats in mind, we employ this method to show in Fig. 5 a dispersion plot at a location z ¼ 8 mm downstream of the cathode. Physically, this figure is a statistical representation of the relative amplitude of propagating plane waves in the plasma at a given frequency and wavenumber. Here, we note that we have corrected this plot for aliasing. This is done, following Ref. 28 , by duplicating the dispersion plot, shifting the wavenumbers by 2 k max , and concatenating the data set along the wavenumber axis. In Fig. 5(a) , the uncorrected measurement is highlighted in red. By extending the domain, patterns in the data emerge, notably at a higher frequency, and we therefore take these modes to be shorter wavelengths spuriously aliased by our measurement technique.
The results from Fig. 5 reveal the properties of the two classes of oscillations we identified from the Fourier analysis in Fig. 4 . First, we see that the high frequency modes exhibit a linear dispersion relation, i.e., a linear relationship between the frequency and wavenumber. Moreover, the phase velocity of this higher frequency oscillation is given approximately by v ph ¼ x=k ¼ 4:060:5 km/s. This value is actually commensurate with the ion sound speed in this drifting plasma and indicates that, in agreement with previous work, 28, 29 this higher frequency component is a series of ion acoustic waves. Indeed, we can show that in the long wavelength limit (kk D ( 1), the dispersion for ion acoustic waves is given by
where c s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi qT e0 =m i p is the Bohm speed assuming cold ions and u i is the ion drift velocity. Note, here we have used the convention that a Physics of Plasmas ARTICLE scitation.org/journal/php positive velocity indicates propagation toward the anode. For our measured electron temperatures we infer from the dispersion the ion drift velocity, u i ¼ 2.9 km/s, which is commensurate with typical ion drift velocities for these plasmas [2-4 km/s (Refs. 29, 34, and 40)]. As such, the measured phase velocity agrees with that of an ion acoustic wave and is consistent with other measurements in similarly configured cathodes. 17, 28, 29 We further note that we have measured the dispersion along the discharge axis and found that v IAT is constant throughout the plume, within uncertainty.
In a departure from previous work, however, we present in Fig. 5 the first measurements of the lower frequency plume-mode oscillations. Here, we see that there is explicit structure in the dispersion that exhibits a fundamental frequency, f 0 ¼ 36 kHz, along with its first harmonic, consistent with our observations in Fig. 4 . Using a trend line that connects the center of each harmonic with the origin, we find that these two modes have a group velocity of v c ¼ 7 6 2 km/s, which is consistent, qualitatively, with our observations of light emission from the high-speed camera. Significantly, we note that although the mode and its harmonics propagate, the coherent oscillation does not appear to be a resident mode of the cathode-to-anode cavity ðv c =' 6 ¼ 36 kHz). In addition to the dispersion of the coherent oscillations, Fig. 5 (b) also shows faint evidence of slowly propagating waves with an estimated group velocity v s ¼ 1.3 6 0.5 km/s. This oscillation is characterized by frequencies between the coherent oscillations and the IAT. Interestingly, this type of oscillation was not immediately apparent from the power spectra plots (Fig. 4) and is only revealed by the dispersion analysis. We return to a discussion of this feature in Sec. III F.
To sum up our analysis, physically, the dispersion and Fourier measurements suggest the following features for the propagating high and low-frequency modes. There is IAT propagating from the cathode to anode, which is known to be involved in the nonclassical heating of electrons, and it coexists with a coherent instability, which is believed to be ionization related, that propagates quickly and is correlated with the light emission from the camera. However, we have yet to identify if a clear link exists between these two phenomena.
E. Single-point correlation between IAT and self-organization As discussed in Sec. I, the IAT is known to be a critical driver for the electron dynamics in the plume of these devices. Given that we now have established that it coexists with the coherent oscillations, we next turn to the question of a possible correlational link between the two types of waves. To this end, we choose to represent the average "energy" of the IAT with the characteristic amplitude and monitor this parameter on the time scale of the low-frequency oscillation. For the coherent oscillation, we examine the coherent component of the ion saturation current. We then compare variations in the average IAT amplitude and ion saturation current in time to determine if these parameters are correlated.
As such, we define an average amplitude of the IAT contribution to the power spectrum, A, as
where we summed over the range of the power spectrum associated with the IAT (f > 0:02 x pi ), excluding those lower frequency modes. We then evaluate the time evolution of the IAT amplitude by employing a series of sequential short-time Fourier transforms of the probe signal and a phase-averaging technique. We use peaks in the discharge current (detected after applying a narrow bandpass filter) as the reference in phase to perform our phase sensitive averaging. For our reported results, we used this technique to identify 5000 distinct cycles of the lower frequency, plume mode oscillation. Within each cycle, we then created a window in time over which we computed the average ion saturation current, hIi s ðtÞ, and calculated an FFT to find the IAT amplitude, AðtÞ. The window we used was s ¼ 1/(10f 0 ), where f 0 is the fundamental frequency of the plume mode oscillation. We then slid this window in time over the cycle, sampling the waveform 100 times to generate our plots. At each point in the cycle, we assigned the calculated average and FFT values to a phase defined with respect to the peak in discharge current. In this way, for each cycle, we generated 100 points as a function of phase over the period of oscillation. The reported data at each phase thus consists of the average and standard deviation of 5000 cycles.
Representative results of this analysis are shown in Fig. 6 at z ¼ 8 mm. This figure depicts both the time-dependence of the turbulent (Ã=A 0 ) and coherent (hĨ i s =I 0 ) components of the probe signal. Since our analysis only retains one period, we have concatenated three cycles to more clearly show the waveform. Two limitations of this triggered-averaging approach stem from the variance in phase and shape of the discharge current and ion saturation measurements between cycles. To reflect how this nonconstant behavior can impact the averaged measurement, we also show the standard deviation as the gray bands in Fig. 6 , which is calculated from the variance in the 5000 points within each time bin. Allowing for this uncertainty, we note that our results demonstrate that the IAT and ion saturation current 
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scitation.org/journal/php fluctuations are highly correlated in time. The peak-to-peak amplitude of the IAT is an order of magnitude larger than the ion current and it unambiguously leads them in phase. This relationship is valid throughout the plume where, on average, the IAT leads the density by h ¼ 75 615 as calculated by cross correlation. Physically, this result shows, for the first time, that the amplitude of the IAT modes is modulated in time at 36 kHz and is correlated with the characteristic coherent oscillation of the self-organized, plume-mode structure. With that said, these are single point measurements, and it remains to be seen if this correlation persists throughout the plume. To evaluate this, we turn in Sec. III F to spatially resolved measurements of these parameters and compare them with the light emission measured by the high-speed camera.
F. Spatial correlation between the IAT and self-organization
Beyond this single point measurement, we employed the same triggering technique to reconstruct the spatiotemporal evolution of the relative fluctuations of the IAT and ion saturation. We plot these results separately in Fig. 7 where we show (a) the fluctuations in the IAT and (b) the ion saturation current over two cycles. The IAT average amplitude exhibits one dominant feature that propagates from a maximum point at z ¼ 8 mm downstream of the cathode exit with speed v ¼ 1.5 6 0.5 km/s. The speed at which this change in IAT amplitude propagates is slower than the actual velocity of the underlying IAT spectrum, v IAT ¼ 4 km/s (see Fig. 5 ). This discrepancy is a reflection of the fact that the parameter we plot is the periodic variation in the energy in the IAT modes, i.e., an amplitude modulation, which does not necessarily need to propagate at the same speed as the underlying IAT. Physically, it appears that this modulation is the critical parameter correlationally linked to the lower-frequency waves in our dispersion plot [ Fig. 5(b) ] propagating at the same velocity. Furthermore, the IAT amplitude fluctuates at the same frequency as the coherent mode. To this point, these coherent oscillations hĨ i s =I 0 in the ion saturation current in Fig. 7(b) exhibit two features that appear to be linked in space and time with the IAT. The first is a perturbation that originates at z ¼ 8 mm. As the modulation in IAT amplitude propagates through the plasma, the density lags behind. This result further supports the correlational link between the IAT and the self-organized mode throughout the length of the cathode plume. On the other hand, the ion saturation current exhibits a second feature not observed in the IAT plot: a faster moving branch which appears further downstream and moves at a higher speed (7 km/s). This component of the plasma oscillation is correlated with the more coherent harmonic structure (peaks in Fig. 4 ) and the high-velocity coherent structure in the dispersion shown in Fig. 5(b) . Indeed, it is this contribution that we visually associate with the coherent plume-mode oscillations from the high-speed camera.
To illustrate this, we find in Fig. 7(b) that the evolution of this faster branch in hĨ i s =I 0 , is markedly similar to the light emission captured by the high-speed camera in Fig. 3 . Figure 7 (c) shows similar trends in the relative fluctuations in light emission,L=L 0 , whereL is the fluctuation in light emission and L 0 is the time-averaged light emission. To calculate these parameters, we reconstructed a triggeredaverage cycle for each pixel in the image using 350 periods and averaged the result along the radial direction. To sync the camera with the probe measurements, we have set the maximum of the IAT modulation and light emission to occur at t ¼ 0 ls. From the camera, we see that the perturbation generates light emission that is propagating at 7 6 2 km/s, in agreement with the velocity of the coherent structure in Fig. 5(b) and the high-speed component in Fig. 7(b) . Notably, however, the slow branch found in the turbulence and density does not appear to generate measurable light emission. This may be due to experimental limitations in the sensitivity of the high-speed camera.
Together Figs. 7(a)-7(c) support the correlation of the large-scale self-organized mode with oscillations in the average IAT amplitude. Physically, these figures point to the plasma being perturbed by a modulation in the amplitude of the IAT modes at a fixed location, which then responds with a self-organized, low-frequency, propagating structure that results in the observed light emission. As the region of high IAT amplitude propagates in the plasma, the plasma density responds in kind.
The results in Figs. 5-7 provide a new, fundamental insight into the potential link between turbulence and self-organization. Moreover, the fact that the wave in the IAT amplitude leads the large-scale oscillations in phase suggests that the link may also be causal. Although this phase relationship is a necessary criterion to suggest that the IAT may promote the self-organized mode, it is not sufficient. To provide some context, we do note that a number of theoretical frameworks have anticipated this type of correlational and causal relationship. For example, Bychenkov et al. 16 speculated that the growth of the IAT may give rise to time-resolved hydrodynamic effects by impacting the macroscopic transport properties of the plasma. In this case, one plausible explanation is that the IAT may enhance Ohmic heating, 41 which in turn could promote additional ionization and the onset of this self-organized mode. This type of process is under active numerical investigation 12, 42 and may explain the strong correlation with the periodic light emission in Fig. 3 . In Sec. IV, we expand upon this interpretation by developing a simple zero-dimensional model for the electron energy balance to interpret the amplitude and phase relationship between the IAT amplitude and the coherent oscillation.
IV. ELECTRON ENERGY MODEL
Despite the clear correlation between the IAT-driven heating and the plume mode oscillation, the causal link between the two remains unclear. To explore this potential connection, we follow the previous theoretical and numerical work of Refs. 12, 16, and 42 and consider a here a zero-dimensional fluid model, informed by our experimental observations to interpret our results. From our measurements, we find that although the instability propagates, there is a point where the structure is almost stationary. In light of this observation, we choose to neglect spatial dependence and evaluate this zero-dimensional to this position (z ¼ 8 mm). Moreover, as this is consistent with the previous numerical and experimental work, 12, 28, 29, 43 we assume that turbulent resistive heating and ionization dominate the dynamics in the cathode plume. Under these simplifying assumptions, we write the electron energy equation as
where m e , u e are the electron mass and drift velocity, Q an is the Ohmic heating due to turbulence, and ion and ion are the ionization rate and energy. The anomalous resistive heating can be determined from the properties of the IAT 41 as
W nT e x pe $ nm e u 2 e x pe A;
where W is the wave energy density of the IAT and x pe is the electron plasma frequency. This relationship implies that greater turbulence and kinetic energy, leads to increased heating. We estimate this quantity experimentally through the average IAT amplitude, A. To arrive at this relationship, we have assumed that the ion saturation current oscillations are proportional to those in density and used the Boltzmann relation connecting the density fluctuations and potential. 44 Both of these assumptions are valid when density and temperature fluctuations are small relative to their steady state values and we furthermore require the temperature fluctuations to be small compared to the density.
We supplement Eqs. (3) and (4) with the ion continuity equation,
where ion;0 represents the steady-state ionization rate. This set of equations allows the turbulent heating of the plasma to fluctuate and to dissipate that energy through ionization, thereby increasing the density. Equation (3) is the balancing electron pressure with Ohmic heating from the turbulence and inelastic cooling from ionization. Equation (5) relates the changes in temperature to those in density through ionization. If the process we attribute to these equations holds true, then physical intuition tells us that the fluctuations in wave heating should lead the density in phase.
Having established this physical picture, we now combine Eqs. (3) and (5) under the assumption that T e ( ion 45 to can show that
Taking a second derivative of Eq. (5) and substituting for the time derivative of temperature, we find that
where T e0 is the steady state electron temperature and c ion ¼ T e0 @ ion =@T e j Te0 represents the rate at which ionization changes in Physics of Plasmas ARTICLE scitation.org/journal/php response to temperature fluctuations. Due to the exponential dependence of the ionization rate on temperature, typically c ion ) ion allowing us to simplify to
To examine the oscillation amplitude and phase, we conduct a harmonic perturbation of this equation under the convention that n ¼ n 0 þñe Àixt and apply the steady state criteria, and show that
Fluctuations in densityñ=n 0 , can be approximated from our measurements as hĨ i s =I 0 , under the assumption that changes in T e are relatively small compared to the density. Experimentally, we know that A=A 0 )ñ=n 0 and therefore we make the informed simplification thatQ an =Q an;0 $Ã=A 0 . Therefore,
Examining Eq. (10), we find that the IAT wave amplitude should lead the ion saturation current fluctuation on the time scale of the selforganized mode. This is consistent with the notion that turbulence heats the electrons and changes the rate of plasma production. Furthermore, we find that the ionization frequency is an important scaling factor for the frequency which is in kind with the physical picture of an ionization instability.
V. COMPARISON OF THE MODEL AND EXPERIMENT
Having developed our electron energy model, we examine the ratio of the relative amplitudes, a A =a I ¼ ðÃ=A 0 Þ=ðhĨ i s =I 0 Þ, and the phase relationship, /, betweenÃ=A 0 and hĨ i s =I 0 as points of comparison between the theory and experiment. Experimentally, the ratio, a A =a I , was calculated at z ¼ 8 mm using the average of the peak-topeak and root mean square. The uncertainty is calculated using these values as bounds. The phase at this location was determined by examining the peak, zero-crossings, and minimum, of A and I in Fig. 6 . The uncertainty is determined from the standard error of these values. Here, we use the convention that a positive phase means the turbulence leads the density. We evaluated our theory using the experimentally measured oscillation frequency and temperature while estimating the ionization rate from an analytical expression for the ionization rate-coefficient from Goebel and Katz. 45 The neutral density is calculated using
where n n is the neutral density, _ m is the mass flow rate, v n is the neutral velocity, r 0 is the orifice radius, and a is the angle of expansion. We estimate the neutral velocity as the neutral thermal speed ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 8=pk B T n =m i p . We have taken the neutral temperature to be between room temperature (300 K) and the insert temperature (1100 K). Here, we have shown results when T n ¼ 700 K. The half angle of expansion, a, is estimated from the experimental geometry, assuming conical expansion of the plasma from the cathode to anode. The overall uncertainty in the model calculated from these bounds.
As indicated by the results in Table I , we find a quantitative agreement between our zero dimensional model and the experiment at this position in the plume. This agreement supports the following interpretation of our results. When the ionization rate is low compared to the frequency of oscillation, large changes in the IAT amplitude are necessary for relatively small changes in density. Meaning, the changes in heating are only able to effectively change the density when the steady-state ionization rate is high. In this limit, where the ionization rate is low, we find that the density and IAT should be 90 out of phase. This reflects the notion that when the IAT heats the plasma relatively quickly, the electron temperature will be in phase with the IAT amplitude. The relationship to density is then driven by how Eq. (5) relates density to ionization and temperature.
Although we are successful in qualitatively describing the global scaling betweenQ an =Q an;0 andñ=n 0 , it does not provide information about the spatial evolution of the propagation once formed nor a dispersion relation with an onset criterion for the coherent wave. With that said, the marked agreement between our model and the experiment supports the conclusion of others 12, 42 that this self-organization is likely the result of a hydrodynamic instability driven by turbulence.
VI. CONCLUSION
In conclusion, we examined the connection between IAT and self-organized coherent oscillations in an unmagnetized currentcarrying plasma. By employing ion saturation probes, we measured high-frequency turbulence and low-frequency coherent fluctuations associated with the self-organization of the plasma. Using a cross correlation technique, we estimated the dispersion and found that the high-frequency content is well described by the IAT, which coexists with a coherent mode. Applying a triggered-averaging technique, we found that the amplitude of the IAT modes is modulated in time and correlated with the coherent, large-scale ion saturation current oscillations and periodic light emission. Indeed, we have shown that turbulence can be linked correlationally and potentially causally due to the poorly understood process of self-organization in these systems. To interpret our result, we developed a zero-dimensional model based on Ohmic heating from turbulence and dissipation through ionization. The agreement between this simple model and measured wave properties supports the notion that this self-organized mode is a hydrodynamic instability driven by turbulence. 
